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A Self-Retracting Fully Compliant
Bistable Micromechanism
Nathan D. Masters, Student Member, IEEE, Student Member, ASME, and Larry L. Howell, Member, ASME

Abstract—A new class of fully compliant bistable mechanisms
with the added benefit of integrated self-retraction has been
developed (hereafter identified as Self-Retracting Fully compliant
Bistable Mechanism or SRFBM). A technique using tensural
pivots to manage compressive loading in compliant mechanisms is
introduced and implemented in the SRFBM. The elimination of
traditional kinematic joints and their associated clearance allows
a total displacement between stable positions of 8.5 m, and the
mechanism size is less than 300 m square when using 2.0 m
minimum line widths. Maximum actuation force is approximately
500 N. The SRFBM’s small linear displacement and reasonable
actuation force facilitate integration with efficient thermal actuators. Furthermore, fully compliant mechanisms allow greater
freedom in fabrication as only one mechanical layer is needed.
Systems with on-chip actuation have been fabricated and tested,
demonstrating bistability and on-chip actuation, which requires
approximately 150 mW. A single fatigue test has been completed,
during which the SRFBM endured approximately 2 million duty
cycles without failure.
[746]
Index Terms—Fully compliant bistable micromechanisms, microelectromechanical systems (MEMS), switching.

I. INTRODUCTION
HE SRFBM (as shown in Fig. 1) was developed as a
bistable micromechanism for switching applications.
Electrical switching is an important application of MEMS
technology. Compared to solid state devices, MEMS switches
offer higher bandwidth, power transmission capacity, and
off-state electrical isolation.
Many of the MEMS switches that have been developed still
require constant power input to maintain an “on” state, which
reduces system efficiency.

T

A. Bistability
A system with two distinct stable states of equilibrium is
termed bistable. In either stable state the system will remain at
rest, and any small disturbance will result in oscillations about
the stable point. In the presence of damping or other energy loss
mechanisms, the system will come to rest at the stable state from
which it was disturbed. The minimum perturbation that results
in a transition from one stable state to another (overcoming the
unstable equilibrium separating them) is the critical perturbation (critical force or moment).
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Fig. 1.

SEM of SRFBM system.

The potential energy of the stable states may be dissimilar,
with low- and high-energy states. The low-energy state usually
corresponds to the initial, relaxed, position. The energy stored
in the second, high-energy state is available to facilitate the return to the first stable state. Furthermore, the highly repeatable
positioning of the stable equilibria makes bistable systems well
suited for precision positioning.
1) Bistable MEMS: A number of bistable MEMS have
been proposed for applications including microswitches,
microvalves, and nonvolatile memory.
Hälg proposed an electrostatically actuated beam, buckled
out-of-plane by residual stress, for use as nonvolatile memory
[1]. Although bistable, return actuation was not implemented.
Matoba et al., proposed a bistable “snapping” actuator [2].
This device had a fixed-free beam, buckled out-of-plane by the
residual stress of a tension band. Thermal expansion actuated
the beam between the two stable positions.
Recently Saif presented a beam buckled in-plane—and
switched between stable states—by electrostatic actuation [3].
This allows tuning of the degree of buckling and bistability.
This method of “tunable” bistability cannot be considered to be
naturally bistable, as external forces are necessary to maintain
the buckled state.
A number of more complex, linkage based mechanisms have
also been developed for in-plane motion. Kruglick and Pister
presented a “bistable frame” for evaluating lateral electrical
contacts [4]. This partially compliant slider-crank mechanism
uses symmetry to constrain the sliding. Two pin joints (including a floating pin joint) connect the crank to ground and
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the coupler. It is unclear from the literature if on-chip actuation
was achieved.
Jensen et al., presented a class of partially compliant four-link
mechanisms known as “Young” mechanisms [5], [6]. Usually
these are configured with two pin joints connecting flexible segments to ground. Motion is rotational in nature, and on-chip actuation involves the conversion of linear actuator motion to rotary through a short transmission arm [7].
Baker et al., reported a linear-motion partially compliant bistable micromechanism, configured as sets of
symmetric double-slider linkages [8]. Curved functionally
binary pinned-pinned segments act as linear springs with
sliders. A similar fully compliant double-slider was developed by Parkinson et al. [9], but was characterized by large
displacement.
All of these devices either rely on process dependent residual
stresses, external actuation to maintain bistability, or are characterized by large displacements. The SRFBM addresses these
limitations.
B. Compliant Mechanisms
Compliant mechanisms achieve some or all of their motion
from the deflection of flexible segments. A partially compliant
mechanism derives its motion from a combination of traditional
kinematic joints and flexible segments, whereas fully compliant
mechanisms rely entirely on compliance.
Some form of energy storage is essential for bistability. Most
mechanisms of interest to MEMS applications rely on strain
energy. As such, all bistable mechanisms that use mechanical
energy storage may be loosely considered to be compliant.
However, rigid-body bistable mechanisms will be classified as
those whose motion is determined by a rigid-body linkage, with
supplementary energy storage elements included to achieve
bistability.
Recent developments, in particular the Pseudo-Rigid-Body
Model (PRBM),1 facilitate the design of compliant mechanisms
[10], [11]. The PRBM allows compliant mechanisms to be accurately modeled by analogous rigid-body linkages and vice
versa—analysis of compliant mechanisms by rigid-body representation and synthesis by rigid-body replacement.2 The referenced bistable linkages are described in terms of their equivalent
PRBM representations.
The clearances present in traditional kinematic joints have a
significant effect on the behavior of micromechanisms—both
rigid-body and partially compliant. In macroscopic mechanisms
1The PRBM is a reduced order model whereby the large deflection of beams
are modeled with appropriate sized rigid links and torsional springs. It is based
on approximations to the elliptic integral solutions for the large deflections. The
endpoint of a flexible segment (with constant cross section and material properties) follows a roughly circular are up to a maximum angle . Within this range
of motion, the path can be approximated by a rigid link of length L (where L is
the length of the flexible segment) centered a distance
L from the anchor
of the flexible segment. For a given loading condition, there is a characteristics
radius factor, , that minimizes the error between the PRBM approximation
and the elliptic integral solution (for most fully characterized compliant segments and loading conditions, the positional error is less than 0.5%. A torsional
spring constant, K , obtained in a similar manner, is placed at the Pseudo-Rigid
joint allowing force deflection analysis. The PRBM is especially well suited to
design, as it can be used in conjunction with rigid-body mechanism synthesis
techniques. For further information see [10] and [11].
2Replacing rigid-body linkages with the appropriate complaint analogue.

2
(10 )

Fig. 2. SEM of a Young mechanism subject to the effects of pin joint
clearances. Canting of the pin joints results in both increased stiction (of the
member in contact with the substrate) and out-of-plane deflections, affecting
alignment with other in-plane devices.

joint clearances can be tightly controlled, keeping them very
small relative to the overall scale. The clearance in microfabricated joints is determined by the limitations of the fabrication processes. Although these processes are capable of very
small features, the line spacing (minimum feature separation) is
roughly the same as the minimum feature size, thus introducing
relatively large clearances. Furthermore, sacrificial layers result
in out-of-plane clearances, allowing vertical and angular misalignment of joints.
Microfabricated pin joints (and other rigid-body kinematic
pairs) are ill-suited for bistable micromechanisms and MEMS in
general. The primary advantage of traditional joints in micromechanical systems is their familiarity to designers. Disadvantages
include in- and out-of-plane misalignment, increased friction
and wear [12], [13], stiction (due to unsupported or canted members touching underlying layers), and deviation from intended
mechanism path or function.
Fig. 2 shows an example of a combination of these effects
on a partially compliant bistable mechanism. The mechanism is
canted out-of-plane approximately 20 m on the left side, and
the flexible segment on the right is in contact with the substrate.
Although special processes can be developed to optimize pin
joints, the ideal solution is to eliminate them entirely. The benefits of fully compliant mechanisms are particularly important for
systems requiring precise location, mechanical energy storage,
or which are subject to a large number of duty cycles.
An additional—and significant—benefit of fully compliant
systems is greater fabrication freedom. Fully compliant systems require fewer mechanical layers, and thus fewer processing
steps. In some cases complete systems may be fabricated from a
single mechanical layer, which also facilitates integration with
on-chip electronics.
II. DEVELOPMENT OF THE SRFBM
An impetus for the SRFBM was to develop a bistable micromechanism suitable for low-power switching applications.
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Small displacement and linear motion are desired to integrate
with linear thermal actuators [14] and to reduce the displacement component of the potential energy function. Furthermore,
the force-deflection characteristics of the mechanism must be
compatible with the actuators.
For design purposes the bistability of candidate mechanisms
were evaluated in terms of potential energy, critical force, and
stable-unstable equilibrium separation.
The stability of an equilibrium position must evaluated with
reference to a maximum extraneous perturbation, . First, deand
as the energy needed to just reach the unstable
fine
equilibrium (or critical energy) from the first and second stable
and
must be greater
equilibria, respectively. For stability
than the energy that may come from extraneous sources. Taking
, the Bistability Ratio, or
is given by
(1)
,
,
are the potential energies of
where
the first and second stable and unstable equilibrium positions,
, this establishes the conrespectively.3 By requiring
, where
indicates equal povention that
tentials at the two stable equilibria, e.g., a standard light switch
is not allowed as such a system would not be
and
bistable.4 Thus the stability (or resistance to extraneous pertur, irrespective of
bations) of a system can be insured if
the magnitude of the potential energy at either stable equilibrium. For MEMS systems the extraneous perturbations are generally very small.
is also a measure of the fraction of the energy input
The
that was lost during the transition from the first to the second
will be efficient energy
stable state. Systems with small
storage devices, but may be sensitive to perturbations and deindicates the system that is highly insensifects. A large
tive to perturbations and defects, but inefficient (e.g.,
dissipates all the energy, as the system returns to the same poof 0.10 was chosen for
tential as it started). A minimum
SRFBM designs to insure efficient energy storage, and adequate
resistance to perturbations and manufacturing defects.
The critical force is the minimum force necessary to transit
from one stable state to another. This is equal to the maximum
value of the first derivative of the potential energy function. For
return travel, the critical force is the minimum of the first derivative over the region between the second stable and the unstable
equilibria. The critical forces and the stable-unstable equilibrium separation determine actuator compatibility.
As this mechanism may be used for switching applications
where a contact force is desired, the mechanism will be configured with electrical contacts that stop the travel prior to the natural second stable equilibrium (see Fig. 3). The ideal location
for this stop is at the point corresponding to the critical force.
This results in considerable contact force and a reduction in the
travel for the return actuation.
3Neglecting residual stress, P E
will be zero for the fully complaint
SRFBM.
4The second stable position either does not exist or is a neutral equilibrium.

Fig. 3. Fully compliant double-slider PRBM showing the equilibrium
positions, torsional springs at pseudo-rigid joints, and linear spring-slider of
the coupler.

A. Double-Slider
The double-slider is one of the simplest mechanisms that can
be configured for bistability [15]. The PRBM and equilibrium
positions of a fully compliant double-slider are presented in
Fig. 3. The coupler of this double-slider is a compliant member
with motion that can be modeled as a slider. In this configuration it is subject to compression as shown in Fig. 3(b).
A common practice in compliant mechanism design is the
use of flexural pivots—small slender segments that perform the
function of pin joints. However, it is important to consider the
effects of compression on compliant mechanisms. Stress stiffening, a common phenomenon in compliant mechanisms, occurs when axial forces are applied to flexible segments subject
to bending loads and moments.
The result of a tensile load is the stiffening of the member
because it induces a moment opposing the deflection of the
member [see Fig. 4(a)]. Compression results in a moment
that contributes to the bending deflection of the member [see
Fig. 4(b)]. This effect is the reason why a simple bent beam
structure (which also has a double-slider PRBM) is unsuitable
for small displacement bistable mechanisms.
A technique has been developed for working with compression using tensural pivots. Tensural (tensile flexural) pivots are
flexural pivots integrated into the overall design of a mechanism in such a way that they are subject primarily to bending
and tension. Segments adjacent to the tensural pivots are modified to carry the compressive loads to which they are subject.
Fig. 5 illustrates the rigid-body replacement of a rigid link [see
Fig. 5(a)] with a conventional flexural pivot [see Fig. 5(b)] and
a tensural pivot [see Fig. 5(c)] that requires modification to the
rigid compressive segment. The compressive segments used in
the SRFBM will be referred to as C-beams.
Fig. 6 presents the geometry that results from the rigid-body
replacement (using tensural pivots) of a double-slider. The over-
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Fig. 4. Illustration of the effects of axial loads on bending showing the induced
moments due to (a) tension and (b) compression.

Fig. 6. Double-slider overlaid on SRFBM leg showing the correspondence of
torsional springs to the tensural pivots and spring-slider to the C-beam.

Fig. 5. Rigid-body replacement: (a) Rigid-body link and pin joint,
(b) conventional flexural pivot, (c) tensural pivot.

laid double-slider model in Fig. 6 is kinematically equivalent to
the model in Fig. 3 because the rigid offsets have no effect on
the motion. The geometry for the SRFBM presented here will
be used for all subsequent modeling and design. The basic geometry for a complete SRFBM with multiple legs arranged for
symmetry is shown in Fig. 7.
B. SRFBM Pseudo-Rigid-Body Model (PRBM)
With the mechanism topology identified and the design modifications for tensural pivots implemented, a PRBM was developed. This model was used to identify suitable bistable configurations of the double-slider concept.
The force-deflection relationship and potential energy can be
obtained for the PRBM presented in Fig. 8 by applying the principle of virtual work [10], [16]. The resulting force-deflection
relationship is given in (2), with as the independent variable
or input.

Fig. 7. Fully compliant double-slider with tensural pivots. Compressive
segments, C-beams, have a much larger in-plane thickness. Hatched areas are
anchors.

where and are constants, is the (variable) length of the
spring-slider and is calculated as

(2)
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The coupler angle, , is given by the following equations: for
:
(4)
for

:
(5)

and for

):
(6)
and

The kinematic coefficients,

, are
(7)
(8)

and
are obtained from the PRBM
The spring constants
torsional spring formula for fixed-pinned segments:
(9)
where is the characteristic radius factor (which specifies the
size of the pseudo-rigid-body link). At this point in modeling,
is used.5
is the PRBM
the approximate value of
stiffness coefficient, which will be approximated as 1.45. is
the modulus of elasticity of the material (for polysilicon
GPa).
is the area moment of inertia of the tensural
, where is the in-plane width and is
pivots;
is the length of the tensural pivots.
the material thickness.
For this design the tensural pivots have the same dimensions, so
.
is the spring constant of the C-beam. This segment is subject to small deflections6 and Castigliano’s theorem can be used
to evaluate its spring constant. The effect of axial elongation of
the tensural pivots is lumped into this spring constant.
(10)
where
(11)

Fig. 8. Coordinate system for SRFBM PRBM. The displacement of the slider
from the initial position (r4) and is considered the input for the analysis.

(14)
where the parameters of the C-Beam are as follows:
radius of curvature of the neutral axis;
one-half of the arc angle of the C-beam;
cross-section area of the C-beam;
moment area of inertia of the C-beam;
is the modulus of rigidity for the material (
GPa
for polysilicon).
and
are an order of magnitude
The contributions of
and
, meaning that the principal
greater than those of
modes of energy storage of the C-beam are axial elongation of
the tensural pivots and bending of the C-beam.
of the system is the sum of the stored
The potential energy
energy of the system, or
(15)

(12)
This model is used to identify geometric parameters that result in bistable behavior. This geometry can then be further developed with the models presented in the next section.
(13)
5The PRBM of tensural pivots has not been fully characterized so these
approximate values are based on detailed finite element models. These values,
although approximate, are consistent with what expected values would be
based on experience with similar. Future work will seek to fully characterize
the PRBM of tensural pivots. In either case the PRBM are very useful for initial
design work.
6Subsequent FEA analysis has estimated the total deflection of the C-beam as
approximately 0.25 m over a span of more than 100 m.
has been further
augmented to account for the compliance of the Slider Support. This was done
in an approximate manner (
= 0 65 1
) because the Slider Support is
a approximately twice as tiff as the C-beam.

K

:

K

K

C. SRFBM FEA
To further refine the design of the SRFBM, two finite element
models were developed: a simple beam element model and a detailed plane element model. All modeling was done in ANSYS
(version 5.7) with nonlinear geometry analysis.
1) Beam Element Model: The geometry for the beam element model was further simplified from that used in the PRBM.
This model served two purposes, 1) rapid verification of the preliminary results of the PRBM and 2) investigation of thermal
self-retraction.
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Fig. 9. Geometry of plane element model of SRFBM leg (a) undeflected
position, (b) displaced near the unstable equilibrium position (6.65 m), and
(c) at the second stable equilibrium position (11.36 m).

During the development of the SRFBM, it was postulated that
heating the tensural pivots would result in self-retraction. This
phenomenon may be explained in two ways.
1) The heating of the tensural pivots results in axial elongation, relieving some of the compression in the C-beams.
This alters the profile of the potential energy curve, resulting in the current position (the second stable position)
no longer being in equilibrium. As the tensural pivots expand, the profile is eventually altered such that the mechanism is no longer bistable and it returns to the undeflected
initial position
2) The expansion exerts an axial force, which due to the deflected shape of the tensural pivots, forms a moment that
acts to rotate the C-beams, retracting the mechanism.
2) Plane Element Model: The simplified models described
were useful in identifying feasible configurations. However,
before finalizing the design it is important to refine it by
accounting for the impact of the final geometry on the behavior
of the mechanism. Eight node plane elements were used for this
analysis. Fig. 9 shows the meshed geometry of the SRFBM.
The function of the SRFBM may be observed in Fig. 9. As
the shuttle slides to the right, the tensural pivots allow rotation of
the C-beam. As it rotates, it is compressed, storing elastic strain
energy. The total deflection of the C-beam is approximately
one-eighth m (compared to a span of approximately 100 m).
After the unstable equilibrium position [see Fig. 9(b)], strain energy is released by the relaxation of the C-beam, resulting in a
local minimum of potential energy, which is the second stable
position [Fig. 9(c)].
Fig. 10 summarizes the output of the FEA and PRBM,
N
nm and actuation
including the potential energy7
force N over the range of motion of the mechanism. The
Bistability Ratio for this design is approximately 0.20, which
is acceptable.
The calculated critical forces can also be observed in Fig. 10.
FEA predicts the forward actuation requires approximately
116 N per leg and the return requires approximately 34 N
per leg (the PRBM predicts higher forces of 120 N and 38 N,
respectively, with slightly different profile). Thus, for a four leg
SRFBM with leg geometry corresponding to this model, the
forward critical force is approximately 480 N, and the critical
return (or maximum contact) force is approximately 132 N.
Maximum stress is below 1.7 GPa.
7For this conservative system the potential energy may be equated to the
elastic strain energy.

Fig. 10. Comparison of PRBM and FEA and testing results showing
Force-Deflection and Potential (Strain) Energy. Notice zeros of the Force
curve correspond to equilibria. The magnitude of the critical force is shown as
a horizontal line (gray dashed lines show confidence range of plus or minus
three standard deviations).

III. TESTING
The SRFBM was first fabricated in polysilicon using the
Cronos MUMP’s process. This process provides three structural layers, two of which are mechanical, and a metal layer for
electrical lines, bond pads, and contacts.
Fig. 11 illustrates a representative system. Several different
variations were fabricated (primary differences are the lengths
of the tensural pivots and the radii of curvature of the C-beams),
but the displacement to the contacts for all SRFBM systems
is 8.5 m. Thermomechanical In-plane Microactuators (TIMs)
[14], [17] are used for forward and return actuation. Additionally, bond pads are integrated with the SRFBM anchors for
self-retraction by Joule heating. The forward actuator is coupled to the SRFBM through an interdigitated backlash reducing
coupler that reduces idle actuator travel and eliminates misalignments between the TIM and the SRFBM.
The tensural pivots are 2.0 m wide (minimum allowed by the
MUMP’s process) and 30 m (or 31 m) long and are fabricated
from the laminate of the two polysilicon layers, as is the rest of
the SRFBM, for a total thickness of 3.5 m. The overall dimensions of the SRFBM are 280 m long (along the axis of travel)
and 300 m wide. Overall system dimensions, including forward and return actuators and electrical contacts, are 1140 m
long by 625 m wide.
Although features like the backlash reducing coupler currently use the mechanical layers separately, it would, however,
be possible to fabricate an entire system from a single mechanical layer, greatly reducing fabrication complexity and cost.
A. Functionality
Initial testing concentrated on testing the SRFBM for functionality: bistability, on-chip actuation, force-deflection, contact
resistance, and switching time.
Power for forward actuation was approximately 150 mW
(30 mA at 5 V). External return actuation required 70 mW
(20 mA at 3.5 V).8 Self-retraction, which worked as predicted
8A revised design using the same process has further reduced the power required to 25 mW for both forward and return actuation.
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Fig. 11. Layout of SRFBM system with (a) SRFBM, (b) forward thermal actuator, (c) backlash reducing coupler, (d) electrical contacts, and (e) bond pads for
self retraction.
TABLE I
COMPARISON OF MODELED AND MEASURED ACTUATION FORCES

Fig. 12.

SEM of SRFBM and force testers.

by the models, required only 28 mW (7 mA at 4 V). The beam
element model had predicted that self-retraction would require
the tensural pivots to be heated by only 450 C.
Force testers were used to evaluate the force deflection characteristics of the SRFBM (see Fig. 12). Force testers consist of
beams arranged as fully compliant parallel mechanisms (also
referred to as folded beams) supported by a frame [18]. As
the frame is displaced by microprobes, the beams transfer the

force to the SRFBM. Critical actuation force can then be calculated from the maximum deflection of the beams (relative to
the frame) prior to switching. Table I compares the results of the
PRBM and finite element models with the measured results for
the four SRFBM configurations selected for fabrication. Critical
forces for forward switching measured by this method compare
N
N average prefavorably with model predictions (
dicted/measured). However, critical return forces were approxim
m
mately double those predicted by the models (
average predicted/measured). This appears to be attributable to
friction, as the shuttle was observed to be contacting the substrate. This effect should be eliminated in higher aspect ratio
processes.
Switching time was also measured and was found to be limited by the speed of the actuators. 800 s switching times—measured from the application of actuation pulse to closure of the
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contacts—were repeatably measured. Switching time was reduced to 360 s by increasing the intensity of the actuation
pulse, but resulted in reduced life of the thermal actuators. A
SRFBM was tested at 17.5 Hz for approximately 2 million cycles without failure.
IV. CONCLUSION AND RECOMMENDATIONS
A Self-Retracting Fully compliant Bistable Mechanism
(SRFBM) has been designed and fabricated as a fully compliant in-plane bistable mechanism. Efficiency, reliability,
and manufacturability have been improved in comparison to
comparable rigid-body or partially compliant devices. Systems
of the SRFBM with on-chip actuation have been tested for
functionality and reliability. Fatigue testing of a device up to
approximately 2 million cycles resulted in the failure of the
actuators but not of the mechanism.
Development is continuing to further reduce power in
order to produce systems compatible with microbattery power
sources and for use in lower power, high efficiency applications.
The SRFBM has also been adapted for other applications and
fabrication processes, including the polysilicon SUMMiT V
process (Sandia National Laboratories), amorphous diamond,
and LIGA.
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